Abstract: Fiber-reinforced composites (FRCs) show great promise as long-term restorative materials in dentistry and medicine. Recent evidence indicates that these materials degrade in vivo, but the mechanisms are unclear. The objective of this study was to investigate mechanisms of deterioration of glass fiber-polymer matrix bond strengths in dental fiber-reinforced composites during hydrothermal and mechanical aging. Conventional three-point bending tests on dental FRCs were used to assess flexural strengths and moduli. Micro push-out tests were used to measure glass fiber-polymer matrix bond strengths, and nanoindentation tests were used to determine the modulus of elasticity of fiber and polymer matrix phases separately. Bar-shaped specimens of FRCs (EverStick, StickTech, and Vectris Pontic, IvoclarVivadent) were either stored at room temperature, in water (37 and 100°C) or subjected to ageing (10 6 cycles, load: 49 N), then tested by three-point bending. Thin slices were prepared for micro push-out and nanoindentation tests. The ultimate flexural strengths of both FRCs were significantly reduced after aging (p < 0.05). Both water storage and mechanical loading reduced the interfacial bond strengths of glass fibers to polymer matrices. Nanoindentation tests revealed a slight reduction in the elastic modulus of the EverStick and Vectris Pontic polymer matrix after water storage. Mechanical properties of FRC materials degrade primarily by a loss of interfacial bond strength between the glass and resin phases. This degradation is detectable by micro push-out and nanoindentation methods.
INTRODUCTION
Fiber-reinforced composites (FRCs) are used in dentistry to fabricate the frameworks of fixed partial dentures. [1] [2] [3] FRCs consist of reinforcing fibers embedded in a resin polymerized matrix. Monomers used to form the resin matrix are typically bifunctional methacrylates, like bis-phenyl-A-glycidylmethacrylate (BisGMA), urethane dimethacrylate (UDMA), and triethylene glycol dimethacrylate (TEGDMA). Semiinterpenetrating polymer networks (semi-IPN) in polymer matrixes of dental FRCs have been used to diminish the brittle nature of highly crosslinked dimethacrylate polymers and to increase toughness. 4, 5 Although different types of reinforcing fibers have been used, silanated glasses are preferred for their favorable mechanical properties, aesthetic qualities, and their ability to chemically bond to the polymer matrix. 6 -9 The mechanical behavior of FRCs is complex compared to monophasic materials or particulate-filled composite materials. These complexities result from the issue of fiber orientation, which can change an FRCЈs properties from isotropic to orthotropic and anisotropic. 10 For dental applications, continuous longitudinal fiber orientation is used because longitudinal fibers exhibit superior mechanical properties along their long axes and can be specifically oriented to resist predominant oral stresses. 11 Increasing the percentage volume of fibers or adding bidirectionally oriented woven glass fibers increases the mechanical properties of fiber-reinforced polymers. 12, 13 However, a higher fiber content does not always result in higher mechanical properties, suggesting that parameters like resin-fiber impregnation and adhesion also are important factors.
14 Preimpregnation of fibers with resin allows the matrix to maximally wet the surface of the fibers and reduces the presence of voids that concentrate stress under load. Impregnation of fibers by the resin also decreases water sorption, which has been reported to reduce the elastic modulus of FRC materials. 15, 16 Another factor that may contribute to the degradation of FRC materials under clinical conditions is mechanical loading. Drummond and Bapna reported significantly lower (30 -38%) flexural strength of S2-glass reinforced FRC specimens after mechanical fatigue. 17 Although a durable adhesion between fibers and the polymer matrix is mandatory to ensure an efficient stress transfer between phases of the material, little attention has been paid to the effect of hydrothermal and mechanical stress on the fiber-polymer matrix interfacial bond strength.
A number of techniques have been developed to measure the micromechanical properties of fiber-polymer matrix interfaces. These methods include the push-out test, the pull-out test, the microbond test, and the single-fiber fragmentation test. 18 -22 As each of these tests require specific specimen configurations and loading geometries, they are not all easily relevant to dental FRCs. Among these, the fiber push-out test is one of the most convenient techniques for describing interfacial properties. In dental FRCs, application of this test would make it possible to probe individual fibers within a bulk of a composite, immediately after fabrication and after mechanical or chemical aging. Micro push-out tests have not been applied to dental FRC materials previously.
Nanoindentation is used to measure mechanical properties of a material or a tissue on the submicron scale. Applications have included measurements of elastic modulus of metals, glasses, ultrahigh-molecular-weight polyethylene and modulus across the dentin-enamel junction in teeth. [23] [24] [25] [26] It is therefore suggested that nanoindentation would be a useful technique to measure local mechanical properties of fiber and matrix phases within FRC materials.
The objective of this study was to use micro push-out tests to assess glass fiber-polymer matrix bond strengths of dental FRCs subjected to hydrothermal and mechanical aging. Specifically, the ability of aqueous media, with or without cyclic loading, to compromise fiber-matrix bonds was assessed. In addition nanoindentation was used to assess modulus of elasticity of fiber and polymer matrix phases. The utility of these newer tests was verified by comparing the results to conventional three-point flexural strengths and bulk moduli.
MATERIALS AND METHODS

Specimen Preparation
Two types of preimpregnated silanated glass fibers used clinically were evaluated: EverStick (ES, StickTech, Turku, Finland), consisting of continuous longitudinal silanated Eglass fibers preimpregnated in a Bis-GMA monomer-polymethylmethacrylate resin; and Vectris Pontic (VP, IvoclarVivadent, Schaan, Liechtenstein), containing continuous longitudinal silanated R-glass fibers pre-impregnated with UDMA monomer resin. A total of 52 rectangular-bar specimens were prepared with the use of a stainless-steel mold (2 ϫ 2 ϫ 25 mm 3 ). The unpolymerized fiber prepregs were cut to a length of 25 mm, placed into the mold, covered by clear polyethylene sheets, and condensed between two glass plates located on both sides. To fill the excess space of the mold after placing the ES prepreg, a photopolymerizable resin of bis-GMA-TEGDMA (Stick Resin, Stick Tech Ltd, Turku, Finland) was added. For the VP specimens, a 25-mmlong prepreg was placed into the mold without additional resin.
ES specimens were photopolymerized for 20 s on both sides (Optilux Demetron 501, KerrHawe SA, Biaggio, Switzerland) and then postpolymerized at 80°C for 15 min (Liculite, DeTrey-Dentsply, Konstanz, Germany). According to the manufacturer, VP specimens were photopolymerized under vacuum in the VS1 framework former for 10 min and then postpolymerized for 20 min at 95°C in the Targis Power device (all from Ivoclar-Vivadent, Schaan, Liechtenstein). After polymerization, all specimens were dry polished with SiC paper (FEPA grit 800, 1200). After inspection for gross flaws, the specimens were randomly divided into four groups (n ϭ 6). The first group was stored 1 week at room temperature in a dry environment (dry). The second group was immersed for 1 month in distilled water at 37°C (water). This period of time was adequate to allow water sorption and hydrolytic degradation to occur. 15 The third group combined aqueous aging and cyclic loading (cycled). Cycled specimens were submitted to 1,000,000 cyclic stress at 1 Hz with a maximum loading force of 49 N. During mechanical loading, the specimens were simultaneously thermocycled between 5 and 55°C. This test was performed over 2 weeks, which simulated 5 years of clinical service. 27 The fourth group of specimens was immersed for 16 h in boiling water (100°C) (boiled) to test hydrolytic degradation. 
Three-Point Bending Test
Specimens (n ϭ 4) were loaded to failure with the use of a conventional three-point bending test. 29 All samples were tested in a universal testing machine (Instron 1114, Instron Corp., High Wycomb, England). The span length was 20 mm and the crosshead speed was set at 0.5 mm/min; fracture load of the specimens was measured. Flexural strength () and flexural modulus (E) were calculated from the formulas:
where l is the span length, b the width, and h the height of the specimen. F is the registered force. S is the stiffness, S ϭ F/d (N/m), and d is the deflection corresponding to a load F at a point in the straight-line portion of the stress-strain curve.
Determination of Fiber Content
The quantity of fibers in the FRCs was determined by combustion of the resin matrix (n ϭ 2) for 45 min at 700°and measuring the weight of the specimens before and after combustion. The fiber content in vol % was calculated with the following formula:
where W f is the weight proportion of glass fibers, p f the density of the fibers (E glass ϭ 2.54 g/cm 3 , R glass ϭ 2.53 g/cm 3 ), p r the density of the resins (EverStick resin: 1.22 g/cm 3 , Vectris resin: 1.26 g/cm 3 ) and W r the weight proportion of the resin.
Micro Push-Out Test
Micro push-out tests were used to measure the interfacial bond strength between the reinforcing fibers and cured resins. Specimens (n ϭ 2) were prepared for the micro push-out test, and 10 measurements were made on each specimen. The sites tested were nonadjacent and the fibers selected at random. For testing, specimens were embedded in PMMA resin (Technovit 4071, Hereaus Kulzer, Germany) and sliced perpendicularly to the long axis of the fibers (0.5 mm thick, Isomet, Buehler LTD, Lake Bluff, IL). The slices were fixed with sticky wax onto a polishing holder (Fischione Instruments Inc., Model 160, Evry, France) and wet ground (SiC papers 500 -4000 grit) to a thickness of 100 m using a Struers LaboPol-2 polishing machine (Struers, Birmensdorf, Switzerland). Each slice was then mounted on a grooved aluminum stub and placed on the SEM stage (DSM 962, Carl Zeiss AG, Feldbach, Switzerland) to perform fiber push-out tests. The fiber diameter-to-specimen thickness ratio and the width of the grooves were carefully chosen to prevent excessive specimen bending during loading (Figure 1 ).
The SEM instrument was equipped with a screw-driven microindenter with a displacement rate of 0.31 m/s and a maximum load of 150 g (Touchstone Research Laboratory Ltd.). A conical diamond probe with a flattened end of 7 m was used to apply the load to the fiber (Gyger AG, Thun, CH). The interfacial bond strength between the fibers and the matrix was determined by loading a single fiber until it protruded out of the matrix. The average debonding strength was calculated from the load data and measurements of the specimen geometry. The following equation was used to analyze the data:
( is the debonding strength, L is the debonding load, D is the fiber diameter, and t the thickness of the specimen)
Nanoindentation Test
As a pilot method, the nanoindentation was used to support the hypothesis that aging did not simply plasticize the resin phase. Nanoindentation was used to measure the moduli of both the fibers and the resin matrices from FRCs with an MTS nanoindenter XP (MTS Systems corporation, Oak Ridge, TN) equipped with a three-sided pyramidal Berkovich indentation tip. During testing, the indenter was pressed onto the specimen while the applied load and the penetration into the surface were continuously measured during the loading and unloading cycle. Ten measurements were made on each specimen. For all nanoindentation experiments, the maximal load applied was set to 4 mN, which resulted in maximal penetration depths of about 800 nm. The unloading part of the loading curve was considered to be a purely elastic process, and used models based on the elastic contact theory to calculate the so-called unloading stiffness, S (Figure 2 ). From S, the Young's modulus E (indent) was calculated with the use of the methods of Oliver and Pharr. 30 
Statistical Analysis
Ultimate flexural strength measurements and flexural moduli were compared with the use of one-way ANOVA. Micro push-out data were first compared with the use of a one-way ANOVA. Because each specimen yielded multiple bond strength measurements (ca. 10 measures per specimen), the average matrix-fiber bond strength was calculated for each sample, and the means among samples were compared with the use of ANOVA. Because this ANOVA showed no statistically significant differences among the means (p Ͼ 0.05), the individual measurements within each sample were treated as independent measurements. The Fisher's least-significantdifference procedure was used to determine statistical differences between the means (p Ͻ 0.05). Nanoindentation data were not subjected to statistical analysis because only one specimen per group was used for the measurements. However, the precision of the test was calculated from the 10 measurements made on each specimen.
RESULTS
Three-Point Bending Test
Hydrothermal and mechanical aging decreased the flexural strength of the specimens (Figure 3) . The mean flexural strength of ES specimens stored in air was 1150 MPa. Flexural strengths significantly decreased to 850 MPa after mechanical loading and immersion in boiling water for 24 h (669 MPa). Water storage also reduced flexural strength (to 759 MPa), although this reduction was not significantly different. The mean flexural moduli of ES specimens ranged from 26.2 (dry) to 23.8 GPa (boiled) ( Table I ). All other aging treatments decreased the stiffness of the ES material, but were not statistically from unaged controls.
For the VP material, both mechanical loading and water storage significantly reduced the flexural strength of the specimens, which dropped from 1005 MPa (dry) to 746 and 756 MPa, respectively. The mean flexural strength of the boiled specimens was also significantly reduced (722 MPa). The mean flexural moduli of VP specimens ranged from 38.6 (boiled) to 28.7 GPa (cycled). Mechanical and hydrothermal aging significantly decreased the flexural modulus of VP, whereas the boiled specimens were significantly stiffer (Table I) .
Fiber Content
The mean inorganic filler contents in the FRC specimens were 42.3% for the ES and 41.7% for the VP materials.
Micro Push-Out Test
Hydrothermal and mechanical aging decreased interfacial bond strength for both materials (Figure 4 ). For ES (dry), the mean interfacial bond strength was 100 (Ϯ 9) MPa. Boiling as well as water storage significantly reduced fiber-matrix bond strengths to 78 Ϯ 10.5 MPa and 78.8 Ϯ 6.8 MPa, respectively. The same effect was observed for the specimens subjected to mechanical and hydrothermal aging (85.5 Ϯ 8.5 MPa). A representative load-displacement curve for a dry ES specimen is shown in Figure 5 . The SEM images illustrate the different phenomena observed during testing. The curve shows progressive bending of the specimen under initial load. The load increased continuously (from A to B) until the first cracks appeared at the fiber-matrix interface. The corresponding SEM picture (B) shows a slight curling of the resin matrix around the loaded fiber. Then the load reached a maximum value (C) corresponding to the complete debonding of the fiber from the resin matrix.
For the VP specimens, there was a significant reduction in fiber-matrix bonds in specimens stored in water (65.5 Ϯ 9.1 MPa) or aged (64.5 Ϯ 4.3 MPa) compared to the dry speci- mens (74.1 Ϯ 5.8 MPa). Because all fibers fractured prematurely during testing, no data were collected for the boiled VP specimens.
Nanoindentation Test
Pilot data suggested that the indentation modulus E (indend) of the ES polymer matrix was the same for the dry and cycled specimens (Table II) . Water storage caused a slight reduction in the E (indend) of the polymer matrix, whereas the boiling increased E (indend) . For example, Figure 2 shows load-penetration curves for the dry ES polymer matrix and waterimmersed ES polymer matrix. A slightly deeper penetration was observed for the water-immersed polymer matrix compared to the dry polymer matrix. Except for the cycled specimens, the E (indend) modulus of the glass fibers of the ES did not change. For the VP specimens, water storage and cyclic loading reduced the E (indend) modulus of the resin matrix (Table II) . Water storage also decreased the E (indend) modulus of the glass fibers of the VP material.
DISCUSSION
Although the three-point bending test is commonly used to estimate the mechanical properties of composite materials, it has several limitations with regard to FRC materials. Large (e.g., 25 ϫ 2 ϫ 2 mm 3 ) beam specimens are more susceptible to flaws that can significantly influence the results of threepoint bending tests. 31 Additionally, the calculation of the ultimate failure strength may be problematic because FRC beams do not fail abruptly under load.
14 Finally, the ratio between the span length and the height of the specimen influences the stiffness calculated with the standard flexure formula. 32 Thus, the three-point bending data need to be taken with these limitations in mind.
Typical flexural strengths for FRCs range from 500 to 1000 MPa, depending on the sample geometry and fiber content. 33 In the current study, the three-point bending test gave comparable results for flexural strengths and bulk moduli before aging (Table I, Figure 3) . The high fiber content and strategies to ensure maximal polymerization likely account for the high strength obtained for both materials in the current study. However, aging reduced the flexural strength of both FRC materials by almost 30%. The results of the current test agreed with those previously published on similar materials. 14 The quality of the interface between the reinforcing fibers and the resin matrix affects the mechanical performance of FRC materials. 34 Without adequate adhesion between these phases, the fibers act as voids in the resin matrix, thereby weakening the FRC. The micro push-out tests showed a strong adhesion between the resin matrix and the glass fibers for dry specimens, which is in agreement with previously published data on E glass/epoxy interfaces. 35 For these materials, adhesion was promoted with the use of silane coupling agents, which are known to maximize chemical and physical bonding between the different components within composite materials. 36 The current data show a definite drop in bonding performance after water storage, indicating that the interfacial bond strength between the reinforcing fibers and the resin matrix may be compromised during hydrothermal aging (Figure 4) . The drop of 15-20% in aged interfacial bond strengths agrees to some degree with the reduction observed with the threepoint bending test after aging (Figure 3) . Although a plasticization of the resin matrix has frequently been proposed as an explanation for the reduction in mechanical properties of FRCs aged in water, the current observations indicate that a loss of interfacial bond strength is a primary cause of lowered mechanical properties. A partial hydrolysis of the silane bonds formed between the glass fibers and the matrix may explain this result. 37 Furthermore, the degradation of the glass fiber itself cannot be ruled out, because glasses also are susceptible to hydrolytic degradation. 37 Future studies will be necessary to dissect the contribution of these mechanisms to the loss of bulk strength.
Mechanical loading also decreased the interfacial bond strength to levels that were similar levels to those of specimens stored 1 month in water. Although both aging processes were quite different in terms of duration, mechanical aging also was performed in a wet environment. Furthermore, the repeated loading of the specimens may have crushed or stretched the fibers, which in turn could have weakened the fiber-matrix interfaces. Immersion in boiling water also decreased interfacial bond strength for the ES specimens. This result is in agreement with a previous report suggesting that structural changes might occur at the polymer matrix-fiber interface because of different coefficients of thermal expansion of fiber and polymer matrix. 38 Surprisingly, the glass fibers of VP exhibited brittle fracture behavior during testing, which prevented producing micro push-out data. In this case, the compression strength of the glass fiber may have been altered by the boiling process. Although the micro push-out test was successful for characterizing fiber-matrix interfacial properties, the data presented in this study rely on simplified stress-based schemes that do not take into account the complicated stress states surrounding the fibers and the complex phenomena that occur during debonding of the fiber. 39 The results of the nanoindentation tests further support interfacial degradation rather than plasticization of resin matrix as the principle mechanism in the aqueous degradation of FRCs. Even though no statistical evidence was available, the precision of the measurements was excellent (Table II) . The nanoindentation test revealed marked differences in moduli between fibers and matrix. Whereas a moduli of 5-7 GPa was found for both resin matrices, the moduli of the glass fibers was 75 GPa. These results are in agreement with previously published data. 35 As expected, the semiinterpenetrating polymer network structure of ES had a lower E modulus than that of highly crosslinked polymer matrix of VP. The resin phase did not change after aging, but there was a trend toward a slight softening of the polymer matrix of VP after water immersion and cyclic mechanical loading. However, the specimens were partially dehydrated before nanoindentation, which would have masked the plasticizing effect of water on the matrix. A lack of plasticization may also be attributed to the preimpregnation of the reinforcing fibers with resins, which favored the production of void-free specimens. Previous reports have correlated the presence of voids inside FRC materials with water uptake. 16 The nanoindentation test also revealed that aging did not change the moduli of the glass fibers, although a slight deterioration was observed for the glass fibers in cycled ES and VP after water storage. This deterioration remains to be explained.
In summary, the current study demonstrated that mechanical properties of two commonly used FRC materials degrade after hydrothermal or mechanical aging. The micro push-out test successfully identified and characterized the changes occurring at the fiber-resin interface, whereas the nanoindentation test gave supporting information about the degradation of the resin matrices. These changes were consistent with changes in the bulk mechanical properties measured by threepoint bending tests.
